Manganese in the oxygen-evolving complex is a physiological electron donor to Photosystem II. PS II depleted of manganese may oxidize exogenous reductants including benzidine and Mn 2+ . Using flash photolysis with electron spin resonance detection, we examined the room-temperature reaction kinetics of these reductants with Y~-, the tyrosine radical formed in PS II membranes under illumination. Kinetics were measured with membranes that did or did not contain the 33 kDa extrinsic polypeptide of PS II, whose presence had no effect on the reaction kinetics with either reductant. The rate of Y~ reduction by benzidine was a linear function of benzidine concentration. The rate of Y~ reduction by Mn 2÷ at pH 6 increased linearly at low Mn 2÷ concentrations and reached a maximum at the Mn 2+ concentrations equal to several times the reaction center concentration. The rate was inhibited by K ÷, Ca 2÷ and Mg 2+. These data are described by a model in which negative charge on the membrane causes a local increase in the cation concentration. The rate of Y~-reduction at pH 7.5 was biphasic with a fast 400/is phase that suggests binding of Mn 2+ near Y~-at a site that may be one of the native manganese binding sites.
Introduction
The oxygen-evolving complex of PS II is comprised of four manganese atoms, along with some calcium and chloride ions and three water-soluble polypeptides: the association of these components with membrane-bound polypeptides of PS II produces the complete assembly required for oxygen evolution. Knowledge of the arrangement of these components is limited. There is some information about the binding of the polypeptides to one another (for reviews, see Babcock 1987 , Andr6asson and V/innga~trd 1988, Babcock et al. 1989) , there are XAFS data suggesting manganese-ligand distances in the complex (Yachandra et al. 1986 , Sauer et al. 1988 , George et al. 1989 , Penner-Hahn et al. 1989 , and a pair of ESR signals associated with the $2 state have been detected (Dismukes and Siderer 1981 , Casey and Sauer 1984 , Zimmerman and Rutherford 1984 and characterized in some detail (Hansson et al. 1987) . In the functional assembly, oxidizing equivalents are generated by photooxidation of a specialized chlorophyll, P680, and are subsequently transferred to manganese and water by way of a redox active tyrosine, Yz (Barry and Babcock 1987) .
When the oxygen-evolving complex is inactivated, typically the manganese is released from the complex. Under these conditions, the normal electron donor to Y} is absent, and the lifetime of the Y~-radical is considerably lengthened. Exogenous reductants can react with Y~ and thereby decrease its lifetime. The change in the lifetime of Y~ can be measured with time-resolved ESR spectroscopy and indicates the rate of reaction of the exogenous reductant with Y~-. In this paper, we report the results of our investigations on the ability of Mn 2+ to react with Y~-.
Materials and methods
PS II membranes were isolated from spinach (Berthold et al. 1981 , Ghanotakis et al. 1984 . Tris inhibited membranes were prepared by suspending the preparation in 0.8M Tris-HC1, 50mM Na2 EDTA, pH 8.0 for 30 min under room light, followed by three washings with SMN (400 mM sucrose, 50mM MES, pH 6.0 and 15mM NaCI), except where noted in the text. Membranes retaining the 33 kDa extrinsic polypeptide were prepared by incubating intact PS II membranes with 2 M NaC1, pelleting and resuspending in SMN, incubating with 1 mM hydroquinone and I mM ascorbic acid in the dark, and rewashing with SMN. The presence or absence of the 33 kDa polypeptide was confirmed by SDS polyacrylamide gel electrophoresis. For the experiments directly comparing the membranes with and without the 33 kDa polypeptide, care was taken that the samples were washed an equal number of times.
Time-resolved ESR measurements were made by using a Bruker ER200D spectrometer as described previously (Hoganson and Babcock 1988) . 17#s xenon flashes excited the sample. 4.4 Gauss field modulation at 100kHz and 20mW microwave power were used. The magnetic field of the spectrometer was set to the low field peak of the Y~ signal (Babcock and Sauer 1975, Hoganson and . Yo + is stable on the minutes time scale in these tris-washed preparations, even in the presence of Mn 2÷ at the concentration levels used in the experiments described below. Moreover, the low field peak in the Y~/Y~, spectrum does not overlap the narrower g = 2 signals that arise from chlorophyll radicals. Thus we attribute the kinetic traces reported here to oxidation/reduction reactions of the Yz species. Each measurement of the Y~ lifetime is the average of between 200 and 500 flashes, depending on the time constant used. Equimolar ferri-/ferrocyanide was present as a redox buffer to prevent net oxidation or reduction of the reactants.
Results
Flashes of light given to Tris-washed PS II membranes induce the ESR signal of Y~-with a maximal spin concentration essentially stoichiometric with the PS II concentration and a decay time of about 20ms ( Fig. la) . Addition of 100#M MnCI2 to a suspension of PS II membranes causes a decrease in the lifetime of the Y~-radical observed after repetitive flashes ( amplitude. Addition of 1.9 mM EDTA abolishes the effect of Mn 2+ on the lifetime of Y~- (Fig. lc) . For a suspension of PS II membranes with a chlorophyll concentration of 2 mg/ml and containing 1 mM K 3 Fe(CN)6 and 1 mM K4 Fe(CN)6 at pH 6.0, the decay of the Y~-signal approximately follows first-order kinetics (Fig. lb) . This set of experiments shows that aqueous Mn 2+ can reduce Y~ but does not compete with Yz in its reaction with P~0-Mn z÷ chelated by EDTA does not react with Y~. The similarity of kinetics in la and lc also demonstrates that the membranes contain very little loosely bound manganese. The apparent first-order rate constant is plotted against the concentration of added Mn 2÷ in Fig. 2 . The graph shows a linear region for Mn 2÷ concentrations less than 50/~M, suggestive of a secondorder mechanism in which the reaction rate is determined by diffusion of Mn 2÷ to Y~. The slope of this line yields an apparent second-order rate constant. At higher Mn 2+ concentrations the graph shows a leveling off of the rate and a slight decrease in the rate between 100 and 200 #M, as if substrate inhibition were occurring (Cornish-Bowden 1979) . The bend in the curve occurs at about 50/~M, which is five times the PS II reaction center concentration in the sample (ca. 10 #M). A comparable experiment performed with a salt-washed, hydroquinonetreated sample with the same chlorophyll concentration gave identical results (Table 1) . Because the presence of the 33 kDa polypeptide in experi- ments conducted with hydroquinone-treated samples has no effect on the lifetime ofY~-, we conclude that this polypeptide does not hinder access of Mn 2÷ to Y~-. In a sample with 3.6mg Chl/ml the bending region occurred at about 90#M MnC12 ( Fig. 2b) , which is again about five times the reaction center concentration. That the maximum rate is achieved at a constant Mn 2+/PS II ratio, rather than at a constant total Mn 2+ concentration, can be explained if most of the Mn 2÷ in these experiments is associated with the membranes. Such association is well known (Amesz 1984) , is of an electrostatic nature (see below), and is substantiated by the greatly diminished amplitude of the aqueous Mn 2÷ six-line spectrum (data not shown) in these membrane suspensions. If the added Mn 2÷ is associated with the membrane surface, diffusion on that surface would determine the kinetic parameters and be determined by the ratio of moles of Mn 2÷ to mem- (a) Tris-washed membranes were used at 2.0mg Chl/ml; (b) NaC1/hydroquinone-treated membranes were used at 3.6mg Chl/ml. Both samples contained I mM K3Fe(CN)6 and I mM K4Fe(CN) 6 in SMN, pH 6.0.
brane surface area. The particular ratio of Mn2+/ PS II that gave the highest reaction rate in these experiments probably has no particular significance. It is determined by the convolution of the two functions that represent the second order reaction of Mn 2+ with Y} and the process that results in the decreasing rate at higher Mn 2+ concentrations, respectively. In particular, there is no reason to suppose that it is related to the fact that four manganese atoms per PS II are required for oxygen evolution.
The concentration dependence of the Mn 2+/Y~ reaction is in marked contrast to the concentration dependence of the reaction of benzidine with Y~ (Table 1) . With benzidine, the pseudo-first-order rate is proportional to the benzidine concentration, at least up to 150 #M. Thus the reaction with benzidine follows a second-order rate law (see also Yerkes and Babcock 1980) . The presence of the 33kDa polypeptide has no effect on the Y~/ benzidine reaction rate.
To investigate further the mechanism of the Mn 2 +/Y~-reaction, we varied the concentrations of K 3 Fe(CN)6 and K4Fe(CN)6, keeping the proportions the same. Increased concentrations of these compounds decreased the second-order rate constant; lower concentrations had the opposite effect (Table 2) . CaCI2 and MgCI2, in the millimolar concentration range, also cause a decrease in the slope of the initial part of the rate vs. Mn 2÷ curves (Table 3 ) and the maximum rate of Y~ reduction. The data of both Tables 2 and 3 can be rationalized by a simple model. It is known that thylakoid membranes bear a net negative charge at pH 6 (evidence reviewed by Barber 1980) Tables 2  and 3 to be described by a single curve (Fig. 3) . Plots of the reciprocal of the apparent second-order rate constant versus the concentration of K3/aFe(CN)6, CaCI2 or MgCI2 give straight lines (not shown) and allow the following inhibition constants for K +, Mg 2+ and Ca 2+ to be calculated: 1.5mM, 0.4mM and 0.4mM, respectively. Competition of cations for the site on the oxidizing side of PS II has also been demonstrated by Inoue and Wada (1987) who found that manganese-catalyzed photooxidation of H202 by PS II was strongly inhibited by I mM Ca 2+ or Mg 2+ at pH 6.5. The data from one experiment, however, do not follow this relation (Table 2, line 6). In this case, 15mM NaCl and ca. 21 mM NaOH, which were used in preparing the buffer for experiments in Table 2 , lines 1-5, were replaced by potassium salts. The Mn2+/Y~ -reaction was strongly affected by this replacement, as if inhibited by K ÷, but not Na ÷. The product of [K ÷] with the second-order rate constant is given to demonstrate the nearly hyperbolic nature of the relationship and to show that the data in line 6 are consistent with the 'cationic strength' model if Na ÷ is not included in Samples contained Tris-washed PS II membranes at 2 mg Chl/ ml, I mM K3Fe(CN)6, I mM K4Fe(CN) 6. Flashes at I Hz were used. Manganese concentrations from 0--40#M were used. the calculation. If Na + and K + are assumed to compete with Mn 2+ at a single site (the aqueous volume near Y~ ), then Na + and K + compete with each other, and the first five lines in Table 2 allow us to calculate that the inhibiton constant for Na + is at least 30 times that of K +. The difference in behavior between Na + and K + is curious, but similar observations have been made previously with PS II preparations. Manganese reconstitution into PS II at pH 8, which required submicromolar Mn 2+, was reported to be insensitive to 350mM Na + (Klimov et al. 1982) . Stewart and Bendall (1981) found that during dark incubation of PS II particles from Phormidium laminosum in either 100 mM NaCl, 100 mM KC1 or low ionic strength buffer, oxygen-evolving activity was stabilized by 100 mM NaCl, but was totally lost in 100 mM KC1. The difference in activity between Na + and K + may result from the difference in hydrated radii of the two ions, Na + being larger (Cotton and Wilkinson 1967) . The larger size limits its approach to the charged groups on cation exchangers, so binding is weaker (Helfferich 1962) . A similar model may explain the ineffectiveness of Na + relative to K + in 289 competing with Mn 2+ for binding sites on the negatively charged PS II membranes. The lifetime of Y~ as a function of added Mn 2+ was also measured at pH 7.5, with K a Fe(CN) 6 and K4Fe(CN)6 both present at l mM. The PS II reaction center concentration was about 12#M. The kinetics of pH 7.5 are distinctly different from those at pH 6.0. The Y+ signal decays biphasically when MnC12 concentrations are between 2 and 20#M (Fig. 4) . The fast phase has a lifetime of about 300-500 #s at all concentrations above 5 #M, while the slow phase becomes faster as the Mn 2+ concentration increases. The fraction of the signal in the fast phase is maximal by 40 pM and is halfsaturated by 10/~M. There was no decline in the rate of the fast phase at 200 #M Mn 2+, although at 200 pM Mn 2+, the amplitude of the Y~ signal was noticeably attenuated compared to the amplitude observed with lower Mn 2+ concentrations. This diminished amplitude may possibly indicate the formation of a manganese species capable of reducing Y~" at a rate faster than the instrument time resolution. kinetics of Y~-are readily interpreted by a model in which, at pH 7.5, Mn 2+ binds to one or two sites on PS II, one of which is near Yz and allows bound manganese to reduce Y~-. The rate of the faster phase does not depend on the amount of added Mn 2+, so its rate is not controlled by diffusion. It therefore indicates reaction at sites occupied by Mn 2+ before the flash. The amplitude of this faster phase does increase with the amount of added Mn 2+, consistent with the above interpretation. That this rate does not change with Mn 2+ concentration also suggests that Mn at only a single binding site accounts for most or all of the reduction ofY~-. In contrast, the rate of the slower phase does increase with added Mn 2÷, so it is controlled by diffusion. The slower phase represents reaction at sites where Mn 2÷ is not bound before the flash and its rate is similar to the rates observed at pH 6 for comparable amounts of added Mn 2÷ . The data, of course, do not rule out more complex mechanisms.
Discussion
Divalent manganese has long been known to be oxidized by PS II (Ben-Hayyim and Avron 1979 , Izawa 1970 , Blankenship 1975 . The cofactor of PS II that oxidizes Mn 2+, however, has not been well established; earlier work with lower time resolution and less resolved preparations suggested that Y+ did not oxidize Mn 2+ (Babcock and Sauer, 1975) . The experiments presented here strongly support the idea that the oxidized tyrosine radical, Y~, oxidizes Mn 2+. Furthermore, the biphasic disappearance of Y~ at pH 7.5, shows that Mn 2+ binds to PS II membranes at the site at which it reacts. The rapid reduction of Y~ at pH 7.5 in the presence of Mn 2+ is most likely the reason that Babcock and Sauer (1975) concluded that Mn 2+ did not reduce y+ z, as the rapidly decaying signal would have escaped detection under the spectrometer conditions they used. Chelation of Mn 2+ by EDTA has been shown to prevent its reaction with Y~-, in agreement with the observation that this also prevents electron transfer from Mn 2+ to DCIP (Izawa 1970) . The observation that the 33 kDa polypeptide does not alter the rates of Y+ reduction by either benzidine or exogenous Mn 2+ (Table l) contrasts with the situation in salt-washed PS II preparations that lack the 17 and 23 kDa polypeptides but retain the 33 kDa subunit and the endogenous manganese ensemble (Ghanotakis et al. 1984) . In the latter preparations Y~-reduction by benzidine is considerably slower than we report in Table 1 for preparations that retain the 33 kDa, but not endogenous manganese. This suggests either that the 33 kDa does not play a role in providing a diffusion barrier for reductants in the solution phase to oxidizing equivalents on the water side of PS II or, more likely, that the association of the 33kDa species to membranes that retain four bound manganese ions is required to establish this barrier.
Although Mn 2+ reduces Y+ at pH 6 and appears to associate with PS II membranes, the monophasic disappearance of Y+ indicates that, at this pH, Mn 2÷ does not bind strongly to the site at which it reacts with Y~-. This implies that the equilibrium dissociation constant is larger than at pH 7.5 or that the rate of dissociation is larger than the electron transfer rate. The Mn 2+ concentration required to reach half-saturation of the Y~-reduction rate was 10~M at pH 7.5 and about 25~tM at pH 6.0. Thus, Mn 2+ binding appears weaker at pH 6 than at pH 7.5. Protonation of a ligand in the binding site may account for the pH dependence of the affinity of the site for Mn 2+ . Because of additional binding sites for Mn 2+ (Hsu et al. 1987 ) on Tris-treated PS II membranes and the high concentration of membranes used for ESR experiments, our data do not allow accurate determination of the dissociation constant, only that it is less than 5 #M at pH 7.5. Several estimates of the binding constants give value(s) between 0.04 and 2 #M (Klimov et al. 1982 , Inoue and Wada 1987 , Inoue et al. 1987 .
Our finding that Mn 2+ binds more strongly at pH 7.5 than at pH 6 is contrary to the conclusion reached by Hsu et al. (1987) . They studied electron donation by diphenylcarbazide (DPC) to PS II with dichlorophenolindophenol (DCIP) as an acceptor. They found that at pH 6.1 Mn 2+ competitively inhibited the reaction with an inhibition constant of 0.15#M, but that at pH 7.7 Mn 2+ inhibited noncompetitively and had an inhibition constant of 0.55#M. Our results show that Mn 2+ does not merely block access of other reductants to Y~-, but that Mn 2÷ is oxidized by PS II in the light, probably to Mn 3+, itself a strong oxidant. The mechanistic details of the reaction after electron transfer from Mn 3÷ are unknown. The Mn 3+ may remain bound or dissociate. It could be reduced in our experiments by Fe(CN) 4-, or enter into a dismutation reaction with another Mn 3+ (2 Mn3+ ~ Mn2+ + Mn4+). In the experiments of Hsu et al. (1987) , Mn 3+ may oxidize DCIPH2 or DPC and the rates of both of these reactions may be pH dependent. The shift from competitive to noncompetitive inhibition suggests that some aspect of the reaction mechanism changes with pH. An additional possibility is that manganese bound at more than one site may inhibit DPC photooxidation but that only one of these sites permits electron transfer from Mn 2+ to Y~-. Given these complications, the binding constants determined by Hsu et al. may need reevaluation.
The standard redox potential of aqueous Mn 2÷ / Mn 3+ couple is about 1.5 V, but the redox potential of the Yz/Y~ couple is about 1.0V (BougesBocquet 1980, Yerkes et al. 1983 ). The two couples would not seem to be well positioned for a rapid and quantitative reduction of Y~ by Mn 2÷. However, ligands to the bound Mn probably lower its redox potential by stabilizing the more oxidized and more highly charged Mn 3+ . The Mn 2+ EDTA/ Mn 3+ EDTA couple, for example, has a reduction potential of about + 1.0 V, 0.5 V lower than that of the aqueous ion (Buckingham and Sargeson 1964) . Although Mn 2÷ EDTA is a stronger reductant than aqueous Mn 2+, it fails to reduce Y~-in our experiments, probably because the bulkiness of the chelating ligands imposes a kinetic limitation on the electron transfer.
The finding that Mn 2÷ reduces Y~" in 300-500 #s at pH 7.5 shows that a completely assembled OEC is not required for rapid manganese oxidation and suggests that oxidation may occur with only a single Mn 2+ present per reaction center. That the maximum electron transfer rate observed in these experiments is similar to the rate of the electron transfer from the $2 state of the OEC to Y~- (Hoganson and Babcock 1988) suggests that the site at which Mn 2+ reacts is one of the sites that eventually binds Mn in the mature OEC. The pH dependence of Mn binding to the site suggests the presence of a protonatable ligand with a pKa between 6 and 7.5, such as a histidine residue as suggested by Tamura et al. (1989) .
Since the Mn 2÷ binding site identified here is 291 probably one of the four sites for Mn in the active OEC, the reaction we have described is likely to be the first step in the assembly of the manganese complex in the OEC. Mn 2+ is the stable, soluble form of manganese at ambient redox potential and has been strongly implicated in photoactivation of the OEC (Radmer and Cheniae 1977 , Ono and Inoue 1983 , Callahan and Cheniae 1985 , Tamura and Cheniae 1986 . Our results support the arguments of Tamura and Cheniae (1987) that the photooxidation of Mn z÷ by Y~ is a necessary initial step in the photoactivation process. The presence of ferricyanide or of reducing agents (Tamura and Cheniae 1987) inhibits the photoactivation process. Because both 1 mM ferrocyanide and ferricyanide was present in most of our experiments, photoactivation was not expected to occur. Nevertheless, there was an indication that a second step in the photoactivation process might occur with a low yield at pH 7.5 (i.e., the diminished amplitude of the Y~ signal with 200pM Mn 2+ present). Further experiments varying both ferrocyanide concentration and dark time between flashes should help to resolve the question.
High concentrations of Mn 2÷ can inhibit photoactivation if Ca 2÷ is deficient (Ono and Inoue 1983) ; this phenomenon, in which Mn 2÷ occupies a Ca 2÷ site, may be related to the mild substrate inhibition that we observe at pH 6 at Mn 2+ concentrations between 100 and 200 #M. The stable tyrosine radical, Y~, may assist the photoactivation process but is not essential to it, since a transformant, wherein that tyrosine has been replaced with phenylalanine, assembles functional oxygenevolving complexes but grows more slowly than the control transformant (Debus et al. 1988a) . Y~, however, would appear to be essential not only for electron transfer during oxygen evolution (Debus et al. 1988b ), but also for photoactivation of the OEC.
